We demonstrate a genetic correlation between rearrangements of the second chromosome of D. buzzatii and thorax length, as a measure of body size. The results indicate that 2j and 2jz3 arrangements are correlated with large size, whereas 2st arrangement is correlated with small size. Some inversions (2st and 2jz3) show dominant effects and others (2j/f3) exhibit overdominance. These results show that at least 25 per cent of body size variation may be accounted for by the studied karyotypes. The possible integration of the genotypic, phenotypic and fitness levels, and also the possible implications to life-history evolution theories, are discussed. These results suggest that, under moderate to high heritability values, some kinds of chromosomal endocyclic and/or balancing selection may be valuable mechanisms for maintenance of body size variation.
Introduction
Although the adaptive basis of chromosomal polymorphisms in Drosophila is universally accepted, the selective forces involved are only inferred from indirect evidence from natural and experimental populations (Sperlich & Pfriem, 1986) . Direct demonstrations of the selective significance of these inversion polymorphisms in nature are practically nonexistent (Endler, 1986) . In recent years, however, it has been possible to show that selection acts directly on these polymorphisms through several fitness components in natural populations (Anderson et a!., 1979; Ruiz eta!., 1986; Salceda & Anderson, 1988; Ruiz & Santos, 1989; Santos eta!., 1989; Hasson eta!., 1991) .
Bearing in mind that selection acts primarily at the phenotypic level and only secondarily at the genotypic one, population biologists have been searching for a fit- Drosophila buzzatii, fitness, selection, life-history 557 ness-related morphometric character that is easy to observe and measure. Body size is one such trait. Several studies have shown that thorax length, as a measure of body size is correlated with adult fitness components, e.g. fecundity (Robertson 1957a, b) , mating success (Butlin eta!., 1982; Taylor eta!., 1987; Partridge et aL, 1987; Santos et a!., 1988; Taylor & Kekié, 1988) , and longevity (Partridge eta!., 1987) .
Nonetheless, the existence of a relationship between the phenotype and the chromosomal rearrangements is rather controversial. Lande (1979) and John (1983) claim that chromosomal repatternings have no effect on the morphological exophenotype. However, a positive relationship has been postulated in some insect species, although a significant correlation has only been demonstrated in a few cases (White & Andrew, 1960; White et a!., 1963; Butlin et aL, 1982; Colombo, 1989) . As regards species of Drosophi!a, a relationship between body size and chromosome polymorphism was also reported for the D. subobscura A chromosome (Krimbas, 1967) and for the D. pseudoobscura third chromosome (Thomson, 1971) . Additional evidence pointing to the effect of chromosomal variation on morphological characters comes from the correlated response of chromosomal frequencies to phenotypic artificial selection in D. subobscura (Prevosti, 1960; Prevosti 1967) and D. pseudoobscura (Druger, 1962) .
Data on the genetic basis of body size in natural populations is of high relevance to the understanding of the evolutionary consequences of natural phenotypic selection. In D. buzzatii, Santos et al., (1988) and Ruiz & Santos (1989) have found that body size is positively correlated with mating success in a Spanish natural population. These studies have also shown that different karyotypes differ in their mean value for thorax length (Ruiz & Santos, 1989) . In this paper we present data showing that non-inbred flies with different second chromosome karyotypes extracted from an Argentinian natural population differ significantly in their thorax lengths and we give some information on the genetic determination of the chromosomal polymorphism on body size.
Materials and methods
The species Drosophila buzzatli D. buzzatiiis a cactophilic species of the repleta group (mullen complex) that breeds mainly in the rotting cladodes of cacti belonging to several Opuntia species. It probably originated in Argentina (Fontdevila, 1981; Fontdevila et al., 1982) and has successfully colonized the Mediterranean region (Fontdevila et a!., 1981; Fontdevila, 1981; and Australia (Barker, 1982) following its natural host plants. Chromosomally, this species is highly polymorphic mainly for its second chromosome (Ruiz eta!., 1985) , and fitness differences have been demonstrated among these arrangements (Ruiz eta!., 1986; Hasson eta!., 1991) .
Derivation of homokaryotypic stocks
We analysed flies derived from a collection performed in May 1987 at Arroyo Escobar, a locality situated 30 km north-west of Buenos Aires city (for a description of the population, see Fontdevila eta!., 1982) . Previous studies showed that this population is polymorphic for four arrangements in the second chromosome (st, j, jz3 and jq7) and two in the fourth (St and s) (Fontdevila et a!., 1982) .
Three homokaryotypic stocks involving 17, 14 and 4 independently derived chromosomes were obtained for the second chromosome arrangements: 2j, 2jz3 and 2st, respectively. The karyotypes of each collected female and her mate were identified by analysing the polytene chromosomes of 11 progeny larvae. In a few cases both parents were homozygous for the 2j arrangement and these isofemale lines were selected as homokaryotypes. However, most of the lines were segregating and the homokaryotypic lines had to be obtained by progeny selection of full sib crosses. This progeny testing was determined with an accuracy higher than 95 per cent by the cytological analysis of 13 progeny larvae (Barbadilla & Naveira, 1988) . The lines did not attain fixation simultaneously and some lines were kept by mass culturing until all the homokaryotypic lines were obtained. The maximum number of generations before fixation was five.
The experimental homokaryotypic stocks were founded with eggs collected in optimal conditions from egg-laying cages, similar to those described by Ruiz et a!. (1986) . For each homokaryotypic stock, a total of 150 mature (4-5 day-old) virgin males and 150 mature virgin females of the same homokaryotypic lines were introduced into one of these cages. Each homokaryotypic line contributed with equal numbers of flies to this founding population. A large sample of collected eggs was seeded in a culture and this stock was maintained by mass culturing during four generations before the experiment was initiated.
Derivation and analysis of different karyotypes A total of nine (Table 1) homo-and heterogametic crosses were conducted by introducing 100 mature (4-5 day-old) virgin males and 100 mature females of the homokaryotypic stocks to egg collecting chambers.
Reciprocal heterogametic crosses were performed in order to test possible maternal effects.
Eggs were allowed to hatch and first instar larvae were seeded in culture vials at optimal density, i.e. 40 larvae in 6 ml of culture medium, as determined by Fanara (1988) . Eight to ten replicates were run simultaneously for each cross. Cultures were maintained at 25°C under continuous light until all adult flies emerged. A random sample of each progeny was measured 24 h after individual emergences. Thorax length was measured to the nearest 0.02 5 mm with a binocular microscope fitted with an ocular micrometer. The measure was taken from the anterior margin of the thorax to the posterior tip of the scutellum, as laterally viewed. All measurements were done by one of us (JJF) .
A modified formula of David's killed yeast culture medium (David, 1962) was employed. Polytene chromosome slides were obtained following the technique described by Fontdevila eta!. (1981) .
Statistical analysis
ANOVA with sex and karyotype as fixed factors and replicates as a random factor nested in karyotypes was employed for the analysis of data. The mixed model employed can be expressed as:
X,Jk/= + af+/3J+FkO)+(a/3)+(aF)k+ EkI where X,Jkl is the individual value; 1u is the overall mean; a1 is the sex effect, fixed; j3. is the karyotypic effect, fixed; Fk(J) is the replicate factor nested in karyotypes, random; (a/3 ) is the sex by karyotypic interaction; (a.F )ik is the sex by replicate interaction; and e,,kl is the random error.
This ANOVA analysis gives only a partial view of the karyotype effects on thorax length. We have extended our analysis by fitting our data to a diallel design (Mather & Jinks, 1982) in which all possible crosses are performed among a set of fixed homokaryotypic lines. This diallel design can be tested by a two-way ANOVA with paternal and maternal karyotypes as fixed factors, with each cell observation as the average thorax length for each replicate.
A posteriori comparisons were performed utilizing the method of Scheffe. This and all statistical methods employed can be found in Sokal & Rohlf (1981) . Computations were performed with SPSS and BMDP statistical packages.
Results
The mean thorax length of males and females bearing different second chromosome karyotypes is shown in Table 1 . The ANOVA is shown in Table 2 . There are highly significant differences among sexes and among karyotypes. The among-replicate (within karyotype) variation is also highly significant which suggests that despite the homogeneity of the experimental conditions, environmental variance could be relatively high.
On the other hand, there is neither sex-karyotype interaction nor sex-replicate interaction, indicating that thorax length variation behaves independently of sex across genotypes or laboratory environments. The between-sex consistency of the mean thorax lengths (Table 1) was also analysed by using the Kendall rank correlation coefficient (Sokal & Rohlf, 1981) . The value of this statistic (n = 64) was highly significant indicating that the rank order of karyotypes, according to their thorax length, is not statistically different between sexes.
The relative importance of karyotype on thorax length determination was measured by estimating the percentage contribution of each source of variation to the total variance. The results of ANOVA performed independently in each sex were strikingly consistent between sexes (data not shown), showing that about 25-29 per cent of size variance may be accounted for by the karyotypic factor. The among replicate component showed an acceptable value (9 per cent) for most experimental designs. The residual error, which represents a very important fraction of the total van- In order to obtain a further understanding of the effects of different arrangements, two types of analyses were performed: (a) diallel analysis, and (b) Scheffe's paired comparisons. Table 3 shows the two-way ANOVA using a diallel design. Differences among arrangements are highly significant in both parental sexes and there are no differential contributions between sexes to the total variance. The latter can be tested by using the F statistics produced by the ratio of female-to-male parent variance components. None of these F ratios is statistically significant (males: F22 = 1.57, P= 0.33; females: F22 = 6.91, P= 0.13). This suggests that maternal effects do not exist. A corroboration of this has been provided by paired comparisons among means of reciprocal crosses using Scheffe's method. Differences were only significant in one out of six possible comparisons and, consequently, maternal effects were considered negligible and thorax lengths of reciprocal heterokaryotypes were averaged for future comparisons.
The relative contribution of each rearrangement to body size variability can be assessed by multiple stepwise regression analysis (BMDP2R subprogram, in BMDP, 1988) of body size on increasing doses of each rearrangement. St rearrangement decreases size significantly (r male value: -0.1070, P< 0.01; r female value: -0.0130, P<0.0i) and makes a large contribution to size variation (32 per cent averaged among sexes). A smaller, although significant contribution (2.7 per cent) to male size variation (but not to female size variation) can be assigned to 2jz3 in the direction of increasing body size. No significant contribution of 2j to size variation has been detected.
Interaction between male and female parents is highly significant in both sexes (Table 3) , which suggests deviations from additivity. In order to understand these non-additive effects, the thorax length of different karyotypes carrying 2, 1 or 0 chromosomes with each rearrangement were compared using the a posteriori Scheffe's method. Rearrangements 2St and 2jz3 exhibit dominant effects of opposite signs. Thus, homo-and heterokaryotypes for these rearrangements 
Discussion
Latitudinal phenotypic variation in body size (Prevosti, 1955; Misra & Reeve, 1964) has been interpreted as a genetic adaptation (Pfriem, 1983) , but a pure phenotypic response to environmental variation cannot be excluded. In the D. buzzatii natural population of Carboneras (Spain) , the significant correlation between body size and karyotype frequency (Ruiz & Santos, 1989) may not have a genetic cause. The authors mention at least two non-genetic explanations. Firstly, body size and karyotype might be independently correlated with longevity. Secondly, if karyotype polymorphism is subjected to multiple niche selection, some karyotypes may select niches that favour a specific adult size. The results presented here may rule out both environmental explanations. Our experiment is performed with flies of the same age reared in similar conditions. The percentage of total-variance assigned to genetic (karyotypic) causes is high-(25--29 per cent) in both sexes. A similar conclusion can be inferred from a recent laboratory study in the population of Carboneras (Spain) (Ruiz et al., 1991) .
It can be argued that the low values of thorax length of 2st/st karyotypes may be a consequence of the inbreeding depression produced by the low number of independently derived 2st chromosomes that originated the homokaryotypic stock. This seems unlikely.
When 2st/st homokaryotypes are compared with 2st/ + heterokaryotypes, non-significant size differences are obtained, a result that contradicts the putative inbreeding depression of 2 st/st. Moreover, the estimated mean size of the 2s1/st karyotype (Table 1) shows no significant increase in its standard error, as expected if this line was highly inbred.
In all these studies with D. buzzatii there is a striking coincidence in the effects of second chromosome arrangements on body size. The lowest size always corresponds to the 2 st/st and the effect of arrangements of the j phylad (j, jz3, jq7) tends on average to increase in size. The karyotypic effects are similar in field studies (Ruiz & Santos, 1989; Ruiz et a!., 1991) , although the among karyotype differences are statistically significant only in males and when the 2j phylad arrangements are pooled. In these studies with wild flies, the phenotypic variance increases between 5 and 9 times that in laboratory studies, so the probability of detecting significant differences among karyotypes is diminished accordingly.
If the selective differences among chromosomal inversions of D. buzzatii were mediated by their effects on body size, one would be able to predict the expected correlations among karyotype, phenotype and fitness components. Ruiz & Santos (1989) suggest that the effect of inversions on body size is responsible for the differences in male mating success. Applying this line of thinking one would expect that flies with similar body size (e.g. 2j and 2jz3 carriers) should share a common pattern of fitness components. This cannot be adequately tested for mating success because sample sizes are too small for some karyotypic classes in Ruiz & Santos (1989) and the method of fitness component analysis used by Ruiz et al. ,(1986) The evidence reported here and in previous works (Ruiz et a!., 1986 Hasson et a!., 1991 suggests that a type of endocycic or balancing selection, although not a simple one, can be invoked to explain the maintenance of body size variation in nature. Nonetheless, the validity of this assertion has been challenged in view of the low heritability estimates for body size found by some authors in natural populations of Drosophila (Prout & Barker, 1989 , but see Coyne & Beechan 1987) . Low heritabilities due to high values of environmental variance result in nearly neutral genetic variance and no balancing selection is necessary to explain this variation. Thus, although the measure of heritability in nature is not easy, it is of utmost importance to disclose the mechanisms of maintenance of morphological variation. In this endeavour, the ecological structure of populations plays a leading role. Some ecological studies performed with D. buzzatii (Santos etal., 1989; Prout & Barker, 1989) have shown that the ephemeral patchiness of rotting cladodes subdivides the populations in a way that positively enhances not only the local within-rot heritability estimates, but also the contribution of drift to genetic variation.
